Hill slope n value of 5.6 to 2.8, and increased the MgCI2 optimum from 3 mM to 6 to 7 mM.
Previous studies have shown that ADP-glucose is the exclusive sugar nucleotide used for glycogen synthesis by many bacteria, and is the primary sugar nucleotide of starch synthesis in green algae and higher plants (7, 11, 16) . a-Glucan synthesis in plants and bacteria proceeds through the synthesis of ADP-glucose from glucose-i-P and ATP by ADP-glucose pyrophosphorylase (glucose-i-P adenylyltransferase), followed by transfer of the glucosyl moiety from ADP-glucose to a glucan primer by ADP- glucose:i ,4-a-i-glucan-4-a-glucosyl transferase (glycogen or starch synthase). Regulation of glycogen and starch synthesis occurs via allosteric regulation of ADP-glucose pyrophosphorylase (I1, 14) . ADP-glucose pyrophosphorylase activity in bacteria is regulated by metabolites of the prevalent route of carbon metabolism of the specific bacterial group (11, 14) . The ADPglucose pyrophosphorylases of green algae (18) and of higher plants (6, 19) differ from any bacterial ADP-glucose pyrophosphorylase studied thus far in that they are primarily activated by 3-P-glycerate (for reviews, see references 11 and 14).
Therefore, it was of interest to determine the mode of regulation of glycogen synthesis in blue-green bacteria. This paper reports the relative activities of the enzymes of the sugar nucleotide-dependent pathway of glycogen synthesis and the mode of regulation of the activity of partially purified ADPglucose pyrophosphorylase from the blue-green bacterium, Synechococcus 6301.
MATERIALS AND METHODS

BACTERIAL STRAINS
Agar slant cultures and frozen cells of Synechococcus 6301 (Anacystis nidulans) and Aphanocapsa 6308 were gifts of R. Y. 10 ,OOOg for 15 min to remove small particles. The second pellet was resuspended in 0.25 to 2 ml of the homogenation buffer and used for glycogen synthase assays. The supernatant of the second centrifugation was used for glycogen synthase and ADP-glucose pyrophosphorylase assays.
PURIFICATION OF ADP-GLUCOSE PYROPHOSPHORYLASE
Step. 1. Frozen Synechococcus 6301 (29.3 g) were thawed into a total of 42 ml of 20 mm K-phosphate, pH 7.5, containing 5 mM dithioerythritol. The cell paste was homogenized in a Bronwill homogenizer with 30 g glass beads. The homogenate was washed once with additional buffer. The homogenate was then centrifuged at 30,000g for 15 min. The pellet was washed once in additional buffer and centrifuged. The supernatants were combined.
Step 2. The combined supernatants were brought to 60 C within 5 min and kept at 60 to 63 C for an additional 4 min. This heat-treated extract was then centrifuged at 30,000g for 15 min. The pellet was washed once, and the supernatants combined.
Step 3. The heat-treated supernatants were chromatographed on a DEAE-cellulose column (2.5 x 22 cm) equilibrated with 20 mM K-phosphate buffer, pH 7.5, containing 2 mm dithioerythritol. The enzyme was eluted with a linear gradient consisting of 1 liter of 20 mm K-phosphate, pH 7.5, containing 2 mm dithioerythritol in the mixing chamber and 1 liter of 50 mm K-phosphate, pH 6, containing 2 mm dithioerythritol and 0.4 M KCI in the reservoir chamber.
Step 4. The active fractions from the DEAE-cellulose chromatography were pooled and were concentrated to 43 ml in an Amicon concentrator fitted with a PM-30 membrane. The concentrated fractions were dialyzed against two changes of 5 liters of 20 mm K-phosphate buffer, pH 7.5, containing 2 mm dithioerythritol and 20% glycerol, followed by two changes of 5 liters of 50 mM tris-Cl buffer, pH 7.2, containing 0.5 mm dithioerythritol and 20% glycerol.
The enzyme was stored at -86 C and was stable for at least 3 months. Unless otherwise noted, enzyme from step 4 was used for the determination of enzyme properties.
RESULTS
Enzyme Activities in Crude Homogenates. Activator Specificity. Glycerate-3-P was the most effective of the activators surveyed (Table III) . The enzyme was also activated by other glycolytic intermediates, AMP and ADP, but to a lesser extent than by glycerate-3-P. 2-Hydroxy-4-phosphonobutyrate, 3,4-dihydroxybutyl-1-phosphonate, and 2,3-dihydroxypropyl-1-phosphonate, added at 1 mm, were without effect.
Effect of Activator. The effect of glycerate-3-P is to increase the Vmax 14-to 16-fold and decrease the SO.5 for glucose-i-P (Fig. 1) and ATP (Fig. 2) . The activator decreases the S0.5 for glucose-i-P from 0.48 mm in the absence of glycerate-3-P to 0.14 mm in the presence of 2 mm glycerate-3-P. Similarly, the S0.5 for ATP is decreased from 1.35 mm to 0.30 mm by glycerate-3-P. Glycerate-3-P does not effect the hyperbolic nature of either substrate saturation curve.
The kinetic behavior of MgCl2 saturation of ADP-glucose pyrophosphorylase is highly cooperative (Fig. 3) . Although glycerate-3-P has little effect on the SO.5 for MgCl2 (1.4 mm in the absence of glycerate-3-P and 2 mm in the presence of 2mM glycerate-3-P), it shifts the MgCI2 optimum from 3 mm to between 6 and 7 mm. The Hill n of 5.6 in the absence of glycerate-3-P is reduced to 2.8 in the presence of 2 mm glycerate-3-P (inset, Fig. 3 Fructose-l,6-diP Pi did not change the hyperbolic nature of the saturation curves for either substrate.
The effect of Pi can be antagonized by glycerate-3-P ( Fig. 6 and Table IV ). The Pi saturation curves become increasingly sigmoidal and the '0.5 for Pi increases as the concentration of glycerate-3-P is raised.
Effect of pH. The pH optima for the activated and unactivated reactions differed. The pH optimum is 7 in the absence of glycerate-3-P and between 7.5 and 8 in the presence of 2 mM glycerate-3-P. This change in pH does not change the V. in the presence of 2 mm glycerate-3-P.
The maximal stimulation by glycerate-3-P occurred at high pH. At pH 8, 2 mm glycerate-3-P increased the V.. 25-fold, and the A5.5 for glycerate-3-P was 0.112 mM. At pH 7, stimulation of V,,,. was only 8-fold, although the AO.5 for glycerate-3-P was 0.046 mm. The activator saturation curves were hyperbolic at both pH values. In addition to the effect on glycerate-3-P saturation, the S0.5 for ATP in the absence of glycerate-3-P was lower (0.51 mM) at pH 7 than at pH 8 (1.35 mM), whereas for glucose-1-P, the S0.5 values at pH 7 and pH 8 were 0.44 mm and 0.48 mm, respectively. The '0.5 for Pi in the presence of varying concentrations of glycerate-3-P was higher at pH 7 than at pH 8 ( Table IV) . The cumulative effect is to make the enzyme more 
DISCUSSION
The specificity of glycogen synthase in blue-green bacteria for ADP-glucose is similar to the nucleotide requirement of glycogen synthases from other bacteria. Although starch granulebound starch synthase from plants is active with UDP-glucose as well as ADP-glucose as glycosyl donor (12, 16) , the bacterial glycogen synthases are not active with UDP-glucose (7, 11) . However, Fredrick (4) has reported that glucosyl transferase from the blue-green bacterium Oscillatoria princeps was active with either ADP-glucose or UDP-glucose as glucosyl donor.
The activation of the Synechococcus ADP-glucose pyrophosphorylase resembles the regulation of ADP-glucose pyrophosphorylases from higher plants and from green algae but not those from photosynthetic bacteria. All higher plant and green algal ADP-glucose pyrophosphorylases thus far examined are activated by glycerate-3-P (14) . The ADP-glucose pyrophosphorylases from many photosynthetic bacteria are specifically activated by combinations of pyruvate, fructose-6-P or fructose 1,6-bisphosphate (5, 21, and this laboratory, unpublished results).
Regulation of ADP-glucose pyrophosphorylase activity by the balance of glycerate-3-P and Pi is a property of enzyme from green algal (18) and leaf (6, 19) sources as well as from bluegreen bacteria, as reported in this paper. Enzymes from these sources show enhancement of the interaction of Pi-binding sites by glycerate-3-P, as expressed by the increased Hill n. As a consequence, the enzyme is regulated by fractionally smaller changes in Pi concentration as the concentration of glycerate-3-P is increased. Since the concentration of glycerate-3-P in bluegreen bacteria is stable or increases during light to dark transitions (13) , changes in Pi concentration alone may have a great effect on the in vivo enzyme activity. This would be similar to the situation in leaves of green plants (14, 17) .
The broadening and increase of the MgCl2 optimum, increase in S5, and decrease in sigmoidicity caused by glycerate-3-P may
have an important function in the in vivo regulation of the enzyme. Glycerate-3-P broadens the MgCl2 optimum of the Plant Physiol. Vol. 58, 1976 Rhodospirillum rubrum enzyme (5) and decreases the S0.5 of the maize endosperm enzyme (2), although it has no effect on the MgCl2 saturation curve of the spinach leaf enzyme (6) . In general, the enzymes are more active at lower concentrations of MgCl2 if glycerate-3-P is present. It has been shown (3, 9) that illumination causes an efflux of Mg2+ from chloroplast thylakoids. The effect of glycerate-3-P may be to make the blue-green enzyme less dependent upon analogous changes in the concentration of Mg2+ and may be a mechanism for divorcing the control of ADP-glucose pyrophosphorylase from photosynthetic activity.
The lowered SO.5 for ATP, A05 for glycerate-3-P, and elevated Io.5 for Pi at pH 7 as opposed to pH 8 (Table IV) may also serve to remove the enzyme from photosynthetic control. Illumination causes an increase in the internal pH of blue-green bacteria (20) . It has been estimated that if the pH of the medium is 7, then the internal pH of illuminated blue-green cells is pH 8 (M. Avron, personal communication).
It is unlikely that NADPH inhibits ADP-glucose pyrophosphorylase activity in vivo, since the cellular concentrations of NADPH are between 0.23 mm in the light and 0.04 mm in the dark (10) . These values are well below the I0o5 of the enzyme for NADPH.
